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Sunflower is one of the most popular oil crops all over the world. Presently, the industrial production of sunflower seeds is based upon use of highly productive interlinear hybrids. The production of such hybrids involves a genetic system of plant pollination control, which includes maternal lines carrying genes of cytoplasmic male sterility (CMS) and paternal lines having the fertility restorer (Rf) genes (Horn et al. 2003) . Marking of the fertility recovering genes is important for precise selection of the carriers of dominant and recessive alleles of the Rf genes among separated populations. This significantly accelerates the obtainment of parental forms of hybrids. Thus, the investigations of markers tightly linked with Rf genes are held worldwide, for example, several Rf genes markers were identified in maize (Zhang et al. 2006) , sunflower (Horn et al. 2003) , soya (Dong et al. 2012) , barley (Ui et al. 2015) etc.
Currently, virtually all sunflower hybrids in the world have a single CMS source -PET1, which was derived from H. petiolaris (Pratap & Kumar 2014) . It was shown that CMS in sunflower is caused by 5000 bp insertion, which occurs on the border with the atpA gene and forms a new open reading frame orfH522 (Horn et al. 1991) . Nuclear Rf genes are responsible for polyadenylation of the atpA-orfH522 transcript that makes it accessible for RNase II and eventually leads to the restoration of pollen fertility (Horn et al. 2003) .
In most of the cultivated sunflowers, two dominant nuclear alleles, Rf1 and Rf2, are necessary to restore male fertility, and Rf2 is present in nearly all doi: 10.17221/108/2016-CJGPB sunflower lines (Yue et al. 2010) . According to the published data, a large number of DNA markers of the 13 th linkage group were linked with Rf1 loci of sunflower: ORS 511, ORS 224, ORS 317, ORS 630, ORS 799, ORS 1030 (Tang et al. 2002) , HRG01, HRG02 (Horn et al. 2003) and STS-115 (Yue et al. 2010) . Thus the Rf1 gene was mapped on the 13 th linkage group (Tang et al. 2002) . However, the Rf2 localization is still unclear (Yue et al. 2010) . Therefore, the goal of the present study was to identify the informative DNA markers of Rf1 gene both for cultivated sunflower lines and wild sunflower species and to develop on their basis a PCR based testing system for applied selection tasks. Twelve interspecific hybrids were also used for the study. Parental forms of hybrids were 12 perennial species and 4 CMS-PET1 lines, which are presented in Table 3 . The hybrids were obtained from the Kuban Experimental Station of N.I. Vavilov Institute of Plant Genetic Resources. The research of pollen fertility was conducted in hybrids of the 10 th generation, obtained by self-pollination. The pollen fertility was investigated using an aceto-carmine method (Stanley & Linskens 1974) .
MATERIAL AND METHODS

Research
Total DNA isolation and PCR were carried out as it was described earlier (Markin et al. 2016) . Primers designed by Horn (Horn et al. 2003) were used for the amplification of SCAR markers (HRG01 and HRG02)
Sanger sequencing of HRG01 amplicons was carried out on a 3130 Genetic Analyser (Applied Biosystems, USA) using the BigDye Terminator Ver. 3.1 Cycle Sequencing Kit (Applied Biosystems) according to the manufacturer's instructions. Nucleotide sequences were edited and aligned by BioEdit Software Version 7.2.5 (Hall 1999) .
RT-PCR primers and TaqMan probes were designed using Primer Quest SM (http://eu.idtdna.com/ PrimerQuest) on the basis of nucleotide sequences of HRG01 marker and orfH522 gene (NCBI GenBank registration No. X55963.1). Primer sequences are as follow: for HRG01 forward -GGCATGAT-CAAGTACATAAGCACAGTC, reverse -TAT-GTACGGGAATGAGCTCCGGTT; for orfH522 forward -TGAGTTTACTCCGGCAACTCGTTC, 
RESULTS AND DISCUSSION
First of all, it should be noted that in our investigation HRG01 (about 450 bp) and HRG02 (about 740 bp) SCAR (sequence characterized amplified region) markers were informative for the Rf1 dominant allele identification (Figure 1) . The obtained data of Rf1 genotyping fully coincided with data of the parent-offspring analysis. Thus, it confirms the efficiency of HRG01 and HRG02 markers for sunflower selection in order to develop the parental lines of the CMS PET1-Rf system. Although these markers have been developed by Horn et al. (2003) , in our study we detected the codominant nature of HRG01 (Figure 2) . Therefore, the sites of HRG01 primer annealing in CMS and Rf lines are polymorphic, however, the difference is low, likely one to a few single nucleotide polymorphisms. It is known that new alleles occur due to single nucleotide rearrangements. High density and evolutionary stability make such rearrangements the most effective genetic markers (Galeano et al. 2012) . To prove the codominant nature of HRG01 marker and reveal the polymorphism of CMS and Rf lines sequencing of specific amplicons (350 and 450) was carried out. The direct sequencing of the HRG01 amplicons of three samples with Rf1Rf1 genotype and three samples with rf1rf genotype was done. The alignment of these sequences on the 247 bp motif (from 108 to 355 position) revealed 223 identical and 24 polymorphic sites. Polymorphic sites are presented in Table 4 . The level of similarity between samples with the same genotype was 99.6-100%, whereas similarity between different genotypes was 90.7-91.1%. Therefore, it may be concluded that 350 bp and 450 bp HRG01 PCR products are uniquely amplifying from the same locus. So a decrease in the HRG01 primer annealing temperature leads to a change from the dominant type of marker to a more informative codominant marker. Secondly, the analysis of the Rf1 gene presence in the annual and perennial species was done using HRG01 and HRG02 markers. Wild species of sunflower have a great genetic potential for improving agriculturally valuable traits of cultivated sunflower. Among them fertility restoring genes are of particular interest for developing the original selective material and hybrid breeding (Horn 2006) . The investigation of annual sunflower species with HRG01 and HRG02 markers revealed ambiguous results (Table 1) . PCR products of HRG01 (about 450 bp) were observed in all five studied species. However, the absence of HRG01 marker was detected in some parts of the investigated plants of H. praecox and H. annuus. So the specific amplicons were found in 75% of H. praecox (560400) and H. annuus (441236) samples, and in 50% of H. annuus (441245) investigated plants. HRG02 amplicons (about 740 bp) were observed in H. annuus and H. petiolaris only. The HRG02 marker was detected in 50% of H. annuus (441236, 441245) samples, in 25% of H. annuus (441183) and H. petiolaris (440560) samples. Perhaps, this is so because annual species of sunflower have more variable nucleotide sites of the HRG02 primer annealing sequence compared to HRG01. However, this is only an assumption. The data of HRG01 and HRG02 marker analysis in perennial sunflower species are presented in Table 2 . Unlike the results of annual species research, the HRG02 (about 740 bp) marker was identified in all perennial samples studied, whereas the amplification of HRG01 was observed in 12 out of 26 species only. It is interesting to note that in some species the presence of the HRG01 (about 450 bp) marker varied greatly. For instance, the marker was detected only in one out of six H. rigidus (2106) (Table 2 ). According to the data obtained an opposite assumption could be made -perennial species had more conservative nucleotide sites of the HRG02 primer annealing sequence compared to HRG01.
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Thirdly, the association of SCAR marker, defined in wild species, with fertility restoration has been proved by test crosses. Some of perennial sunflower species, carrying Rf1 gene, according to genotyping by HRG02, were used for hybridization with CMS-PET1 cultivated sunflower lines (Table 3) . Actually we predominantly used perennial sunflower species characterized by the same periods of blossoming as cultivated sunflower lines. However, survivability of pollen had also been the criterion for choosing paternal lines. The pollen fertility of hybrids varied from 75.3% to 97.8% (Table 3 ) and all hybrids carried the HRG02 marker, this confirms the introgression of Rf1 gene. Thus, the HRG02 marker, which has been detected in all the wild perennial species, can be considered as a highly informative identifier of Rf1 gene.
We have also designed a multiplex RT-PCR system for simultaneous detection of Rf1 gene and mitochondrial marker associated with CMS-PET1 (orfH522). Approbations of the test system on CMS and Rf lines were successful. It is interesting to note that all studied lines had a 127 bp amplicon (Figure 3) , which indicates the presence of the CMS-PET1 mutation and the same mitotype in CMS and Rf lines, respectively. The second amplicon (198 bp) has been detected only in plants of Rf lines (Figure 3) . Such a test system is expected to increase the efficacy of selection of parental forms in order to obtain heterotic hybrids.
Therefore, the informative SCAR markers HRG01 and HRG02, as well as the developed RT-PCR testing system may be used for the marker-assisted selection of sunflower. The discovered codominant nature of As well as the HRG02 marker application is useful for searching the fertility restorer gene (Rf1) among wild type species.
